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Abstract—We investigate the impact of atmospheric impair-
ments on the theoretical bandwidth efﬁciency of Multiple-Input
Multiple-Output (MIMO) geostationary satellite links which are
shaped to optimize the channel bandwidth efﬁciency. We analyze
the impairments caused by precipitation, since this is the most
severe atmospheric effect causing capacity degradations. By
theory, the MIMO channel capacity is strongly affected by signal
attenuation as well as signal phase shifts that might reduce
the number and strength of spatial subchannels (eigenmodes).
We will show, however, that the characteristics of the phase
disturbances prevent a loss of capacity. Regarding the additional
attenuation, which the signals may encounter passing through the
troposphere, we will quantify outage values for several levels of
link capacity degradation. Although a loss of capacity cannot be
avoided in total, it still turns out that MIMO systems outperform
conventional Single-Input Single-Output (SISO) designs in terms
of reliability. Even in the presence of atmospheric perturbations,
MIMO systems still provide enormous capacity gains and vast
reliability improvements. Thus, the MIMO satellite systems pre-
sented are perfectly suited to establish the backbone network of
future broadband wireless standards (e.g. DVB-SH), supporting
high data rates for a variety of worldwide services.
I. INTRODUCTION
Multiple-Input Multiple-Output (MIMO) radio communica-
tions systems have recently attracted high interest due to their
potentially higher data rates in comparison with Single-Input
Single-Output (SISO) systems. By theory, the channel capacity
can be increased linearly with the number of antenna elements
used at the transmitter (Tx) and the receiver (Rx) without
increasing the transmit power or the allocated frequency band-
width [1]. Current focus on satellite communication (SatCom)
systems recognizes a demand for higher data rates. Espe-
cially broadband wireless access, as desired for any services
tailored for numerous users, presumes a powerful backbone
network capable to bridge long-distance and high-rate data
transmission. Future internet services, television broadcast or
voice-over-IP are only few examples for possible applications
that are tackled in the upcoming DVB-SH standard already
nowadays. Hence, it appears to be appropriate to apply the
MIMO technology to SatCom systems in order to increase
the available data rate and bandwidth efﬁciency.
It has already been shown in [2] that the construction of
MIMO satellite uplinks and downlinks, which are optimal in
respect of the maximum achievable MIMO channel capacity,
is generally possible for regenerative payload designs. The
optimization is based on a strong Line-of-Sight (LOS) signal
component - the backbone of any SatCom radio link. In [3]
this concept has been extended to transparent communication
payloads, accompanied by a number of application examples.
By then it has become apparent that also under conditions
of undisturbed LOS propagation the construction of capacity-
optimal MIMO SatCom systems is viable, which provides an
addition to the well-referenced standard literature on SatCom
(e.g. [4]), where the beneﬁts of the MIMO technology have
primarily been outlined for the rich-scattering fading channel.
Though, likewise SISO links, also the MIMO channel
capacity is supposed to degrade under impairments within the
propagation channel. No results have been published yet inves-
tigating and quantifying the impact of channel perturbations on
capacity-optimal MIMO links. In this paper we present such
analyses, particularly addressing links between two satellite
antennas in the geostationary orbit and an arbitrary number of
ground terminal antennas.
A. Atmospheric Phenomena Investigated
Any electromagnetic wave propagating from the satellite
down to earth or vice versa must pass through various at-
mospheric zones at different altitudes. Within a frequency
range of 1GHz to 30GHz only two regions have to be taken
into account due to their notable impact on the propagation
properties of a radio wave. These are namely the troposphere
and the ionosphere [5]. In the troposphere all kinds of weather
effects are present: rain, snow, ice, hail and fog or clouds.
Within the ionosphere the radio waves are mainly inﬂuenced
by the total electron content (TEC), i.e. the number of free
electrons. The severity of the inﬂuence is strongly dependent
upon the radio frequency; higher frequencies are generally
advantageous in terms of undisturbed propagation through
the ionosphere. On the contrary, for the troposphere the
disturbances of the radio waves become more severe as the
frequency increases. They cannot be neglected for frequencies
above 10GHz [5]. In this paper we consider a typical downlink
at a carrier frequency of 14GHz within the Ku frequency band
(12GHz...18GHz [6]). For those frequencies it is sufﬁcient
to concentrate on the tropospheric impairments, in particular
the weather conditions, since the attenuating inﬂuence of the
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disturbances, however, are very severe in the ionosphere.
B. Signal Attenuation
The weather conditions of the troposphere can basically
be categorized roughly into either clear sky conditions with
low rainfall rates and negligible atmospheric effects on the
channel capacity, or rain conditions (0.01% of a year) at least
characterized by a signiﬁcantly increased signal attenuation.
The most important weather effect violating the propagation
properties is signal attenuation caused by precipitation (rain
and wet snow), while the other tropospheric effects can
usually be neglected [7]. To provide an example, an additional
attenuation due to clouds and fog not exceeding 1% of an
average year of 0.2dB for 12GHz can be observed at an
elevation angle of about 20◦. The values for the frequencies
of 20GHz and 30GHz are 0.5dB and 1.1dB, respectively [5].
As a ﬁrst approach covering the most relevant tropospheric
inﬂuences, therefore, it is reasonable to limit the discussion to
precipitation impairments.
C. Signal Phase Disturbances
Apart from additional attenuations in the channel, phase
angle disturbances are crucial in MIMO system architectures.
According to [2] and [3] any capacity-optimal MIMO link
demands a particular structure of the phase angle relations
within the MIMO channel transfer matrix in order to provide
numerous and powerful spatial subchannels (eigenmodes). If
this structure is disturbed by the atmosphere (ionosphere or
troposphere), at a ﬁrst glance the channel capacity is expected
to collapse. However, in section IV-B we will show that
atmospheric disturbances of the signal phases are innoxious
for MIMO satellite systems under practical constraints.
D. Paper Content
Following a brief description of our system model and the
MIMO channel capacity calculation in section II, in section
III we will introduce an exemplary MIMO downlink scenario
that has been optimized in respect of the channel capacity.
Section IV comprises an analytical analysis on the capacity
under conditions of varying atmospheric attenuation in the
different propagations paths of the MIMO satellite channel.
Furthermore, the inﬂuence of phase disturbances, which the
MIMO signals might be subject to when passing through the
channel, is analyzed. The results will quantify how MIMO
satellite systems outperform SISO systems in capacity, avail-
ability and link reliability. Section V concludes the paper.
II. CHANNEL MODEL AND CHANNEL CAPACITY
All the discussions in this paper are referenced to an ex-
emplary satellite downlink channel without loss of generality.
According to [2] and [3] we limit ourselves to N =2satellite
antennas in the geostationary orbit for practical reasons, but
allow a theoretically unlimited number M of ground terminal
antennas. The results presented in section IV are independent
of the kind of satellite system used, signifying their valitity
for both transparent and regenerative payloads.
A. Fundamentals of the MIMO Satellite Channel
Denoting the carrier frequency by fc, the frequency-ﬂat
MIMO channel is described by its channel transfer matrix
(CTM) H(fc)=H ∈ CM×N for a MIMO system consisting
of N transmit and M receive antennas. Accounting for the
LOS signal part, the element [H]mn of the mn-th matrix entry
in equivalent baseband notation is described by the mechanism
of free-space propagation according to
Hmn = amn · exp

−j
2πfc
c0
rmn

(1)
where rmn is the geometrical distance between the n-th
Tx antenna and the m-th Rx antenna. c0 is the speed of
light in free-space. amn is the complex envelope that is
calculated by amn = c0/(4πfcrmn) · ejϑ0, with ϑ0 marking
the common carrier phase at the time of observation. Because
the approximation rmn ≈ r ±3km ∀m,n is applicable, using
|.| to denote the absolute value, it is moreover reasonable to
further approximate the channel path gains by
|amn|≈| a| = const. ∀ m ∈{ 1,...,M},n ∈{ 1,...,N}. (2)
B. MIMO Channel Capacity Calculation and Optimization
We basically have to distinguish between MIMO satellite
systems utilizing a regenerative payload and systems equipped
with transparent payloads [3]. While the transparent payload
acts as an amplifying relay, which converts a signal directly
from the uplink to the downlink carrier, the regenerative
payload demodulates the receive signal to the baseband, de-
codes and re-modulates it again before transmission down
to the receiving ground terminal. Focusing the discussion
on the downlink, at this point it is sufﬁcient to investigate
the MIMO capacity independently of the particular payload
design. The time invariant MIMO spectral efﬁciency without
channel knowledge at the Tx is calculated for a frequency-ﬂat
MIMO channel according to Telatar’s well-known equation [8]
C = log2

det

IM×M + ρ · HH
H

. (3)
(.)H denotes the conjugate transpose of a matrix and ρ is the
linear value of the logarithmic signal-to-noise ratio SNR,i . e .
ρ =1 0 (SNR/10). In this paper ρ is deﬁned as the ratio of the
transmit power at each transmit antenna and the noise power
at each receive antenna. Thus, for the capacity calculations the
SNR is deﬁned as
SNR = EIRP +( G−T) −K−B [dB] (4)
where EIRP and (G−T) are the dB-values of the effective
isotropic radiated power and the ﬁgure-of-merit [5], respec-
tively. K = 10log10(k) is the dB-value of Boltzmann’s con-
stant k. Analogously, B = 10log10(B) denotes the dB-value
of the downlink bandwidth. Hence, the transmit and receive
antennas are not counted among the propagation channel; they
are part of the transmitter and the receiver. The CTM H is not
further normalized because the path loss L = 10log10(|a|2)
is incorporated into each channel transfer function [H]mn
according to eq. (1). If the capacities of a MIMO and a SISO
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transmit power constant for both system types. For that reason,
if we calculate the capacity of the SISO system to be compared
with a MIMO system, we have to multiply the signal-to-noise-
ratio by the number of transmit antennas N used with the
MIMO system1. Based on this restriction, the channel capacity
for a SISO system is calculated
CSISO = log2

1+ρ · N ·| hSISO|2	
(5)
where hSISO is the channel transfer function between the
transmit and the receive antenna. Maximum multiplexing gain
of the MIMO channel is achieved if all the rank(Q)=
min(M,N) nonzero eigenvalues γi,i∈{ 1,...,min(M,N)}
of the matrix Q equal γi = |a|2 ·max(M,N). In this case we
obtain an orthogonal CTM and, thus, it can be deducted that
the MIMO channel capacity is maximized by
Copt = min(M,N) · log2

1+ρ |a|2 max(M,N)
	
. (6)
For the rest of this paper we will always presume orthog-
onal (capacity-optimal) MIMO satellite channels. In [2] the
practical construction of orthogonal LOS channels based on
geometrical deliberations has been thoroughly explained. As
a key result this optimization has revealed that large antenna
separations are required on earth for the case of multiple anten-
nas onboard a single satellite. A design example is provided in
the next section, illustrating the most important presumptions
necessary for the analysis of atmospheric impairments.
III. OPTIMAL MIMO SATELLITE LINK:A N EXAMPLE
A. Optimization Procedure
As illustrated in ﬁg. 1, in our scenario the N =2satellite
antennas are mounted on a single satellite. We presume an
Fig. 1. MIMO scenario with optimal MIMO downlink (fc =1 4 GHz)
inter-antenna spacing at satellite side of dS =6 m with
1A different approach, which is often used, applies ρ instead of N · ρ to
the SISO system and consequentially divides ρ by N in the MIMO case
(eq. (3)). Likewise in our convention, this way the SISO transmit power is
allocated equally to the N MIMO antennas. However, using ρ/N for the
MIMO system complicates the formulation of the SNR depending on the
more sound ﬁgure-of-merit of a real link (eq. (4)). In general, the convention
used for comparison of the SISO and MIMO cases has no effect on the basic
results presented. Thus, we can apply N ·ρ as the SISO signal-to-noise ratio.
the satellite beeing located at 13◦E and the ground terminal
antenna array centered at the geographical position 11.1◦E,
47.8◦N. Furthermore, the M =2receiving antennas of the
array are lined up in east-west direction. The resulting inter-
antenna spacing of the ground terminal antennas is dT =
68.2km. It has been computed according to the optimization
procedure outlined in [2]. For this set of parameters the result-
ing MIMO downlink channel obtains maximum multiplexing
gain leading to Copt. It has to be noted, that the resulting inter-
antenna spacing of dT =6 8 .2km on earth in conjunction with
the presumed dS =6 m spacing at satellite side marks the
minimum spacing in order to obtain an orthogonal MIMO
CTM. If smaller antenna spacing on earth is desired, the
spacing in the geostationary orbit has to be expanded. Of
course the scenario could be expanded by further ground
terminal antennas, i.e. M>2. Then the resulting antenna
spacing dT on earth becomes smaller according to the relation
d
M×2
T · 2/M, for example d
3×2
T =4 5 .5km in case of a 3 × 2
system and d
4×2
T =3 4 .1km for the 4 × 2 system. The reader
is again referred to [2] and [3] for a deeper discussion.
B. Properties of Atmospheric Impairments
It can be observed for the geometrically optimized downlink
scenario provided, that those LOS propagation paths ending at
the same Rx antenna are nearly parallel. A simple calculation
using the parameter example in ﬁg. 1 demonstrates this fact:
Because of rm1 ≈ rm2 = r0, ∀ m ∈{ 1,...,M} the
separation  dT(ha) of the two rays rm1 and rm2 at the
altitude ha can be estimated
 dT(ha)=ha · arccos

1 − 0.5 · d2
S/r2
0
	
(7)
with good accuracy, provided that ha   r0. With an antenna
separation of dS =6 m at satellite side and a realistic altitude
of severe weather inﬂuences (troposphere) at ha =7 km, the
resulting horizontal separation of the rays rm1 and rm2 obtains
 dT(ha) < 1cm. But even at satellite altitude the two rays
are separated only dS =6 m. Therefore, it is very reasonable
to assume identical atmospheric impairments for all the
signals propagating to the same Rx antenna. This constraint
is very crucial for the analyses in section IV.
IV. ANALYSIS OF THE CAPACITY IN CASE OF FADING
A. Modeling Approach
Any atmospheric perturbation can basically be modeled as
an additional phase shift and an additional channel attenuation
acting upon the free-space propagation matrix H. For that
reason we describe the atmospheric inﬂuences on a MIMO
channel by means of a matrix X ∈ CM×N consisting of
complex-valued entries. The impaired channel matrix 
 H can
then be modeled by an entry-wise multiplication of the free-
space channel matrix H and X, i.e.

 H = H   X, (8)
applying the Hadamard product operator  . The matrix X
incorporates the atmospheric impact for each of the M · N
radio links forming the MIMO channel. Presuming that
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vicinity of the satellite antennas (in the vacuum)
2. the atmospheric inﬂuences for all the signals arriving at the
same Rx antenna are identical (please refer to section III)
the matrix X can be calculated by:
X = xRx · (xTx)T (9)
xRx =[ α1,α 2,...,α M]
T , xTx =[ 1 ,1,...,1]
T (10)
The vectors xRx and xTx represent the disturbing inﬂuences at
the ground terminal and at the satellite side, respectively, i.e.
each entry αm = |αm|e−jφm of the vector xRx contains the
additional path loss |αm|∈{ R
+
0 |1 ≥| αm|} and phase shift
φm ∈{ R0|−π ≤ φm <π } due to atmospherical impairments
at the m-th Rx antenna. In order to calculate the impaired
channel capacity  C the matrix 
 H is inserted into eq. (3):
 C =l o g 2

det

IM×M + ρ · 
 H
 H
H
(11)
=l o g 2

det

IM×M + ρ · XDHH
HX
H
D

(12)
=l o g 2

det

IM×M + ρ ·| XD|
2 · HH
H

(13)
In this case the operator |A|2 is an entry-wise matrix operator
denoting the squared absolute value of each entry in the matrix
A. Furthermore, the matrix XD = diag{xRx} is a diagonal
matrix with the elements of xRx on the main diagonal. A
thorough analysis of the eq. (13) is provided in the next
sections, revealing the impact of the atmospheric impairments
on the MIMO channel capacity.
B. Impact of Phase Disturbances
In subsection I-C it has been stated that phase angle pertur-
bations might severely degrade the MIMO channel capacity.
To further investigate this for the particular case of optimized
channels, a very important result can be deducted directly from
eq. (13). Letting |am| =1∀m ∈{ 1,...,M}, i.e. we assume
that there is no additional path attenuation in the channel, the
impact of phase shifts comes to the fore. In this case we obtain

 H
 H
H
= HH
H ⇒  C = C (14)
and, thus, by theory the MIMO channel capacity is not
reduced by atmospheric disturbances of the signal phase.
C. Impact of Additional Signal Attenuation
Again, we intend to investigate the degradation of the
MIMO channel capacity, but this time we assume that the
vector xRx includes additional path attenuations that are
mainly caused by precipitation within the troposphere. As
it is directly revealed by the diagonal matrix |XD|2 in eq.
(13), the additional path attenuation reduces the signal-to-
noise ratio individually at each of the M receiver inputs.
Only for the case of clear-sky propagation |XD|2 = I the
maximum MIMO capacity can be obtained. Unfortunately, a
simple and practically applicable upper bound expression for
the capacity reduction   C = Copt −  C as a function of the
attenuating vector xRx cannot be provided for the very general
case of an asymmetric system (M  = N) because   C cannot
be separated easily. However, in case of a symmetric system
(M = N = Z) a simple closed-form solution can be derived
as an approximation2.
From eq. (9) it is obvious that the matrix X is rank-deﬁcient.
We know at the same time that H has full rank, more precisely
Q = HH
H has Z nonzero and identical entries only on the
main diagonal (remember, we presume an optimal Z × Z
MIMO channel according to section III). If in addition we
require the very weak presumption ρRx = |a|2 · ρ   1 and
apply a couple of rules of matrix manipulation taken from
[9], the channel capacity  C according to eq. (11) can ﬁnally
be rewritten as
 C =l o g 2

det(IZ×Z + ρ ·  Q)

(15)
≈ log2

det

ρ ·  Q

=l o g 2

ρ
Z · det(  Q)

(16)
=l o g 2

ρ
Z · det(Q) ·

Z 
z=1
|αze
−jφZ|
2

. (17)
Again, Z denotes the number of channel eigenvalues or spatial
subchannels available and  Q = 
 H
 H
H
is introduced as an
abbreviation. Taking eq. (17) as a start, the capacity of the
disturbed channel can now be calculated:
 C = Copt −  C, (18)
Copt ≈ log2

ρZ det(Q)

,  C = −
Z 
z=1
log2

|αz|2	
(19)
|αz|∈

R
+
0 | 1 ≥| αz|∩   C   Copt

, (20)
The optimal channel capacity Copt, given by eq. (6), is reduced
by the quantity   C due to the additional tropospheric path
loss. Of course, eq. (18) is only valid as long as   C stays
smaller than Copt. This has to be attributed to the approxima-
tion (16). However, in all practical cases with typical additional
path attenuations up to 6dB and SNRRx = 10log10(ρRx) ≥
8dB the equations are applicable causing negligible errors.
A very simple upper bound for the capacity degradation   C as
a function of the (maximum) additional attenuation caused by
the troposphere and the number of receive antennas faded can
be derived as follows: If we denote the number of unfaded
receive antennas as L and presume a constant (maximum)
additional path gain |α0| identically for the remaining M −L
antennas for simplicity, according to eq. (18) the capacity
degradation can be approximated by
  C = −(Z − L) · log2

|α0|2	
, (21)
|α0|∈

R
+
0 | 1 ≥| α0|∩   C   Copt

. (22)
In most cases the capacity degradation  C/Copt =1 −
  C/Copt =1− δC might be the more relevant ﬁgure. δC
for the case Z = M = N can be approximated by
δC =
(Z − L)log2(10) · α
(dB)
0
10 · Copt
≈
(Z − L) α
(dB)
0
3 · Copt
(23)
2The case Z = M = N is particularly interesting because it enables a
linear increase in channel capacity by the factor Z.
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(dB)
0 = −20log10(|α0|) denotes the additional channel
path gain in decibel. The right-hand equation provides a
very simple, however accurate, method to approximate the
percentage of capacity degradation for a symmetric Z × Z
MIMO system which is subject to an additional tropospheric
path gain |a0| at Z − L receive antennas while the remaining
L receive antennas are exposed to clear-sky propagation.
Fig. 2 shows the relative capacity degradation in % as a
Fig. 2. MIMO capacity degradation due to tropospheric attenuation
function of α
(dB)
0 simulated also for asymmetric systems with
M>N=2 . Moreover, different numbers of receive antennas
M and fading conditions have been taken into account. It is
observed that in case of severe attenuation the MIMO channel
capacity quickly degrades, especially if all of the M antennas
are attenuated simultaneously. However, the degradation is
never worse than in the SISO case, which already outlines
the superior performance of MIMO systems also in case of
fading. In fact, it is even a worst case scenario to presume
that all the M receive antennas are faded by the maximum
speciﬁc attenuation at the same time, especially for high
values of α
(dB)
0 > 1dB. The probability of simultaneous
fades in a MIMO system is substantially lower than for
SISO systems. Hence, any statement on the loss in channel
capacity is meaningless without accounting for its probability
of occurrence. Some of those probabilities are shown in ﬁg.
2, indicating for example that the SISO link and the 2 × 2
MIMO link actually suffer from the identical relative capacity
loss, but the probability of occurrence is more than four times
higher in the SISO case. Although it is a very intuitive result
that the probability of simultaneous fades decreases with the
number and spacing of the antennas, quantifying ﬁgures for
more than two MIMO antennas are lacking in the literature.
D. Probability of Fades and Link Availability
The goal of the following part is, thus, to calculate the
probability or the percentage of time that M − L out of
M receive antennas are subject to additional path loss ex-
ceeding a particular value. Taking the SISO link as a start,
recommendation [10] provides a formula for the calculation
of the probability that a speciﬁc attenuation caused by rain
within an average year at a single location is exceeded.
This calculation method is extended to site diversity systems
utilizing two ground receivers in [11]. However, there has not
been a solution or approximation for the case of more than two
receive antennas. Thus, at ﬁrst we will derive an expression to
calculate the probability of simultaneous fades at an arbitrary
number M of ground terminal locations using multivariate
probability distributions.
The joint probability that the attenuations Λ
(dB)
m exceeds the
values α(dB)
m simultaneously for m =1...M is given by [11]
P(Λ
(dB)
1 ≥ α
(dB)
1 ,...,Λ
(dB)
M ≥ α
(dB)
M ) = 100·Pr·Pa [%], (24)
where Pr is the joint probability that it is raining at all M
locations and Pa is the conditional joint probability that the
attenuations Λ
(dB)
1 to Λ
(dB)
M exceed the values α
(dB)
1 to α
(dB)
M ,
respectively. Again, the dB-value of each path attenuation is
used, i.e. α
(dB)
m = −20log10(|αm|). We assume that both
probabilities Pa and Pr can be modeled by a multivariate
normal distribution with the probability density function (pdf)
fY (y)=
1
(2π)
M
2

det(Υ)
exp

−
1
2
(y − μ)
TΥ
−1(y − μ)

(25)
with covariance matrix Υ ∈ RM×M and mean value vector
μ =[ μ1 ...μ M]T. The probabilities Pr and Pa are the
solutions of the complementary multiple integral
Pr =
∞ 
R1
...
∞ 
RM
f
(r)
Y (y)dy,P a =
∞ 
A1
...
∞ 
AM
f
(a)
Y (y)dy, (26)
where f
(r)
Y (y) and f
(a)
Y (y) with parameter vectors/matrices
μ(r),Υ
(r) and μ(a),Υ
(a) denote the pdf according to eq.
(25) for the rain probability and the probability of attenuation,
respectively. Furthermore, the normalized thresholds Rm =
Φ
−1 
prain
m

and Am =

ln(α
(dB)
m ) − μ
ln Λ
(dB)
m

/σ
ln Λ
(dB)
m are
applied. prain
m is the probability that it is raining at the location
of the m-th ground terminal antenna and Φ
−1 is the com-
plementary inverse normal distribution. ln(α
(dB)
m ) is the loga-
rithmic value of the thresholds α
(dB)
m with mean μlnΛ
(dB)
m and
standard deviation σlnΛ
(dB)
m . The values μlnΛ
(dB)
m and σlnΛ
(dB)
m
can be determined by ﬁtting each single rain attenuation
Λ
(dB)
m versus probability of occurrence pm to the log-normal
distribution pm = p
rain
m Φ

ln(Λ
(dB)
m ) − μ
ln Λ
(dB)
m

/σ
ln Λ
(dB)
m

[11].
A detailed description and a stepwise calculation of μlnΛ
(dB)
m
and σlnΛ
(dB)
m are enclosed in [12]. Using these normalized
thresholds, μ(r) and μ(a) become zero-valued, and the kl-
th covariance matrix entries [Υ
(r)]kl and [Υ
(a)]kl become
identical with the respective correlation coefﬁcients [11]
 
(r)
kl =0 .7 · e−Δkl/60 +0 .3 · e −(Δkl/700)
2 , and (27)
 
(a)
kl =0 .94 · e−Δkl/30 +0 .06 · e −(Δkl/500)
2 , (28)
where Δkl = |(k·dT −l·dT)|,k , l ∈{ 1...M} and  .  is the
ﬂoor operator. We suggest the study of [10] and particularly
[11] for an explanation in-depth on how to compute the
probabilities in eq. (24).
As illustrated in ﬁg. 3, we are now able to calculate the
probabilities P as a percentage of time of an average year and
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(dB)
1 ,...,α
(dB)
M ]T
with entries describing the attenuations exceeded at the M
locations of the receive antennas simultaneously. We assume
Fig. 3. probability P and equivalent duration per year that a speciﬁc
additional attenuation α
(dB)
0 is exceeded simultaneously at all receive
antennas, probability of rain p
rain
m =0 .33, ∀m
a constant mean rain probability of prain
m =0 .33 for an average
year and for all the M locations for simplicity, which is a
very high and pessimistic value for the region of 48◦ lat-
itude. Furthermore, the correlation coefﬁcients in eq. (27)
and (28) are calculated using the respective optimum inter-
antenna spacing for the appropriate MIMO system example
in section III, i.e. d
2×2
T =6 8 .2km, d
3×2
T =4 5 .5km and
d
4×2
T =3 4 .1km, respectively. Also a SISO link according
to [10] is incorporated in the ﬁgure for comparison. Here
we have calculated the probability Pa according to [10] and
further have multiplied it by the probability of rain presumed
(prain
SISO =0 .33).
The curves show the percentage of time and the equiv-
alent duration per year which a speciﬁc attenuation α
(dB)
0
is exceeded simultaneously for M receiving antennas, where
the number of M is varied. The duration of 53min per year
corresponds to a 0.01% outage value and marks a speciﬁc
boundary of relevance for the characterization of SatCom
links: If for a target value of α
(dB)
0 the probability P is
smaller than 0.01%, a high-reliability system [7] is obtained.
Comparing the curve of the SISO link to its MIMO counter-
parts, outstanding improvements of system reliability become
apparent as expected. To provide an example, if a high-
reliability link is required, a SISO system would need a 4dB
higher margin in the link budget in order to achieve the same
robustness as accomplished with a 2 × 2 MIMO system.
We can conclude that MIMO is appropriate not only to in-
crease the channel capacity but also to enhance remarkably the
system reliability and availability. Furthermore, the resulting
probabilities qualify the severity of capacity degradations as a
function of additional attenuation depicted in ﬁg. 2. Requiring
a high-reliability link [7] for a 2 × 2 MIMO system demands
an attenuation margin of 0.7dB. This means that the user has
to cope with a capacity falling below  C/Copt · 100 = 95%
of its optimum value only in less than 53min per year for
the presumed SNR. In the contrary, a high-reliability SISO
link is still very likely to encounter even up to 4.7dB most
time of the year in the same situation. This attenuation would
then degrade the link performance to an unacceptable extent of
approximately 35%. If higher-order MIMO systems are used
(M>2,N > 2), these ﬁgures further corroborate to the
disadvantage of the SISO link.
V. CONCLUSION
We have analyzed the impact of atmospheric perturbations
on the channel capacity of MIMO SatCom systems that in
advance have been optimized in respect of their bandwidth ef-
ﬁciency in clear-sky conditions. Although the capacity-focused
optimization is mainly based on the construction of appropri-
ate phase angle relations between the multiple transmit and
receive signals, any phase disturbances in the ionosphere or
troposphere do not degrade the MIMO channel capacity. In the
contrary, any additional attenuation that the signals experience
in the troposphere might degrade the channel capacity due to
a loss in signal-to-noise ratio at the MIMO receiver. However,
since large antenna separations at the ground station are
required in a single-satellite MIMO system, the capacity gain
is accompanied by signiﬁcant receive diversity effects resulting
in very low probabilities of simultaneous fades at all link
ends. Thus, MIMO SatCom systems are suited to increase the
bandwidth efﬁciency as well as the link reliability in future
long-distance communications systems, granting broadband
wireless access for versatile trafﬁc and services.
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